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Abstract
We study particle production aspect in the flat FRW universe in the framework of f(T ) gravity.
The matter is minimally coupled with the gravity and an exact power-law solution is obtained by
solving the Friedmann equations, and matter is assumed to be minimally coupled with gravitation.
The torsion scalar T appears to plays the same role as the the curvature (Ricci scalar) in the the
General Relativity (GR) and its modified theories f(R). Specially in phantom phase, we observe
that the vacuum state corresponds to a vanishing torsion scalar and particle production becomes
important as the torsion scalar diverges. This aspect, not only provides the equivalence between the
teleparallel gravity and the GR, but also between their respective modified versions, f(T) and f(R),
in the view of massless particle production phenomenon when the matter is minimally coupled with
the gravity. However, when the gravitational and scalar fields are not minimally coupled, it appears
that this similarity between the teleparallel and GR may break down, due to the fact that the torsion
scalar has no longer the same time dependent expression as the Ricci scalar.
Pacs numbers: 98.80.k, 98.80.Es
1 Introduction
The possibility of particle production due to space-time curvature has been discussed by Schrodinger
[1], while other early work is due to DeWitt [2], and Imamura [3]. The first thorough treatment of
particle production by an external gravitational filed was given by Parker [4, 5]. In flat space-time,
1e-mail: rezakord@ipm.ir
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Lorentz invariance is a guide which generally allows to identify a unique vacuum state for the theory.
However, in curved space-time, we do not have Lorentz symmetry. In general, there does not exist a
unique vacuum state in a curved spacetime. As a result, the concept of particles becomes ambiguous,
and the problem of the physical interpretation becomes much more difficult [6, 7]. The creation of particles
from the vacuum takes place due to the interaction with dynamical external constraints. For example
the motion of a single reflecting boundary (mirror) can create particles [6], the creation of particles by
time-dependent external gravitational field is another example of dynamical external constraints.
Nowadays it is strongly believed that the universe is experiencing an accelerated expansion. Recent
observations from type Ia supernovae [8] in associated with Large Scale Structure [9] and Cosmic Mi-
crowave Background anisotropies [10] have provided main evidence for this cosmic acceleration. It seems
that some unknown energy components ( dark energy) with negative pressure are responsible for this
late-time acceleration [11]. However, understanding the nature of dark energy is one of the fundamental
problems of modern theoretical cosmology. An alternative approach to accommodate dark energy is
modifying the general theory of relativity on large scales. Among these theories, scalar-tensor theories
[12], f(R) gravity [13], DGP braneworld gravity [14] and string-inspired theories [15] are studied exten-
sively. On the other hand, a theory of f(T ) gravity has recently been received attention. In [16, 17], new
spherically symmetric solutions of black hole and wormhole are obtained. The reconstruction of f(T )
gravity has been performed according to the holographic dark energy [18]. Models based on modified
teleparallel gravity were presented, in one hand, as an alternative to inflationary models [19, 20], and on
the other hand, as an alternative to dark energy models [21].
In this paper we consider the particle creation in the spatially flat Robertson-Walker space-time in
the framework of f(T ) gravity. The function f(T ) is written as a sum of the teleparallel term T , and
an arbitrary function g(T ), i.e., f(T ) = T + g(T ). We obtain the Bogoliubov coefficients, after that
the number of particles produced and the energy related to those can be explicitly found. We observe
that the torsion scalar plays the same role in f(T ) gravity as in GR and f(R) theories, in the view of
particle production, at least when the scalar field is minimally coupled with gravity. The appearance of
future finite-time singularities is also checked and the quantum effects due to particle creation analysed
at singularity time. We perceive that in the minimally coupling case, quantum effects are the same in
f(T ) gravity as in GR and f(R) gravity, and then, quantum effects may not avoid the occurrence of the
big rip. However, we observe that when gravitational and scalar fields are not minimally coupled, the
similarity between teleparallel and GR may break down, in the view of particle production, despite the
torsion scalar remains the same, since the time dependent expression of the torsion scalar T is not the
same as that of the Ricci scalar R in GR.
The paper is organized as follows. In Sec. 2, the field equations are presented in the FRW universe.
In Sec. 3, particle production phenomenon in an expanding universe is extensively discussed. Finally, in
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Sec. 4, we present the conclusion.
2 Field equations within FRW metric.
Let us consider the action for the theory of modified gravity based on a modification of the teleparallel
equivalent of GR, namely f(T ) theory of gravity, coupled with matter LM , given by [21]-[24]
S =
1
16πG
∫
d4x e [T + g(T ) + LM ], (1)
where e = det(eiµ) =
√−g, and g(T ) denotes an arbitrary function of T . In other words, the function
f(T ) is assumed to be a sum of the teleparallel gravity term T and an arbitrary function g(T ), i.e.,
f(T ) = T + g(T ).
The torsion T is defined as follows
T = S µνλ T
λ
µν , (2)
where
T λµν = e
λ
i (∂µe
i
ν − ∂νeiµ),
S µνλ =
1
2
(Kµνλ + δ
µ
λT
θν
θ − δνλT θµθ ),
and the contorsion Kµνλ is given by
Kµνλ = −
1
2
(T µνλ − T νµλ − T µνλ ).
The field equations are obtained by varying the action with respect to vierbein eiµ and one gets
e−1∂µ(eS
µν
i )(1 + gT )− e σi T λµσS νµλ gT + S µνi ∂µ(T )gTT −
1
4
eνi(1 + g(T )) = 4πGe
λ
i T νλ , (3)
where gT and gTT are the first and second derivatives of g(T ) with respect to T . Here, Tλν denotes the
stress tensor and may not be confused with the torsion. Now, we take the usual spatially-flat metric of
Friedmann-Robertson-Walker (FRW) universe, in agreement with observations
ds2 = dt2 − a(t)2
3∑
i=1
(dxi)2, (4)
where a(t) is the scale factor as function of the cosmic time t. Moreover, we assume the background to
be a perfect fluid. Using the Friedmann-Robertson-Walker metric and the perfect fluid matter in the
teleparallel Lagrangian (2) and the field equations (3), one obtains
T = −6H2, (5)
H2 =
8πGρ
3
− 1
6
g − 2H2gT , (6)
3
H˙ = − 4πG(ρ+ p)
1 + gT − 12H2gTT , (7)
where ρ and p denote the matter density and pressure respectively, and the Hubble parameter H is
defined by H = a˙/a.
In the FRW universe, the energy conservation law can be expressed as the standard continuity equation
ρ˙+ 3H(ρ+ p) = ρ˙+ 3H(1 + w)ρ = 0 , (8)
where we used the barotropic equation of state p = wρ relating the ordinary pressure with the ordinary
energy density. The same continuity equation should be written for the total content of the universe as
well as the dark fluid. Let us define the conformal time η from the cosmic one, such that dt = a(η)dη.
Thus (6) and (7) can be written as
a′2
a4
=
8πG
3
ρeff , (9)
a′′
a3
− 2a
′2
a4
= −8πG
2
(ρeff + peff ) , (10)
where ρeff and peff are the effective energy density and effective pressure, respectively, and the right
hand sides of (6) and (9) are equal, respectively for (7) and (10). By combining (9) and (10), one gets
the power-law solution for the scale factor in terms of η as
a(η) = a0 |η|b , b = 2
1 + 3ωeff
, (11)
where the parameter ωeff = peff/ρeff depends on the algebraic function g(T ) and its first and second
derivatives, as well as the ordinary components ρ and p. Note that if ωeff > −1/3 the universe evolves
so that 0 < η <∞ (0 < t <∞) corresponding to a decelerating universe. For ωeff < −1/3, the interval
is −∞ < η < 0−, meaning that 0 < t < ∞ when −1/3 > ωeff > −1, and this corresponds to an
accelerating universe but with the quintessence feature. But for ωeff < −1, the interval of η corresponds
to −∞ < t < 0− for the cosmic one, and the universe is dominated by a phantom fluid: the scale factor
tends to ∞ when η → 0− (t→ 0−).
By using the continuity equation for the total content of the universe, the effective energy density can
be written as
ρeff (t) = ρ¯ |η|−6(1+ωeff )/(1+3ωeff ) , (12)
where ρ¯ is a positive constant. Also, using (11), Eq.(5) leads to the following result
T = −6 b
2
a20
|η|−6(1+ωeff )/(1+3ωeff ) < 0 . (13)
We see from (13) that if ωeff > −1/3, at early time η → 0, the exponent of |η| in (13) is negative and the
torsion scalar diverges, T → −∞, while for late-time η → ∞, the torsion scalar goes to zero (T → 0−).
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For −1 < ωeff < −1/3, the exponent of |η| is positive and at the early time η → −∞, the torsion scalar
also diverges (T → −∞), while at late-time η → 0−, the torsion scalar goes to zero. In the case where
ωeff < −1, the exponent of |η| is negative so that at early time η → −∞, the torsion scalar goes to
zero (T → 0−), while at late-time η → 0−, the torsion scalar diverges T → −∞. Thus, we can conclude
that for an expanded decelerated universe the torsion scalar is initially strong and the conformal time
evolves it goes to zero. For an expanded accelerating universe in quintessence phase, the torsion scalar
is still initially strong and as the conformal time evolves, it goes to zero. However, the opposite occurs
in an expanded accelerating universe in phantom phase, i.e., the torsion scalar is initially null and as the
conformal time increases it diverges as the late-time is approached.
3 Particle production in an expanding universe
Let us denote by φ a scalar field of mass M and a(η) the scale factor depending on the conformal
time η for spatially flat homogeneous and isotropic FRW spacetime. The line element in terms of the
conformal time is written as follows
ds2 = a2(η)
(
dη2 − dx2 − dy2 − dz2) . (14)
The Lagrangian that describes the minimal coupling between the massive scalar field with the gravita-
tional in conformal spacetime is
LM = 1
2
a2ηµν(∂µφ)(∂νφ)− 1
2
a4M2φ2 , (15)
where ηµν is the metric in Minkowski space. The corresponding field equations can be written as
1
a2
ηµν∂µ(a
2∂ν) + a
2M2φ = 0 . (16)
The real scalar field can be decomposed into the modes as
φ(η, ~x) =
1
a
∫
d3k
(2π)3/2
e−i
~k~x
[
χk(η)a~k + χ
∗
k(η)a
†
−~k
]
. (17)
One can observe that the modes functions satisfy the Klein-Gordon equation
χ′′k +
(
k2 +M2a2 − a
′′
a
)
χk = 0 , (18)
where we used φ = aχ, and the prime denotes the derivative with respect to the conformal time η. The
modes χk satisfy to the Wronskian relation
χk(η)χ
∗ ′
k (η) − χ∗(η)χ′k(η) = −i . (19)
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The system can be quantized in a standard fashion by using it as an operator, imposing the equal-time
commutation relations
[χ(η, ~x), π(η, ~x ′)] = iδ3(~x− ~x ′) , (20)
where π = dχ/dη ≡ χ ′ is the canonical momentum. Therefore, the operators a~k and a†~k satisfy the usual
commutation relations
[a~k, a
†
~k′
] = δ3(~k − ~k ′) , [a~k, a~k′ ] = [a†~k, a
†
~k′
] = 0 . (21)
The vacuum state can be defined as the state for which the following condition is satisfied
a~k |0〉 = 0 ∀ k . (22)
One may also construct other states from the vacuum, by acting on it various combinations of creation
operators a†~k.
The Hamiltonian that corresponds to (15) is
H =
1
2
∫
d3x
{
a2
[
(φ′)2 + (∇φ)2]+ a4M2φ2} . (23)
By using (17), we re-write the Hamiltonian in terms of the creation and annihilation operators and the
mode functions as
H =
1
2
∫
d3k
[
Pk(η)a~ka−~k + P
∗
k (η)a
†
~k
a†
−~k
+Qk(η)
(
a~ka
†
~k
+ a†~k
a~k
)]
, (24)
where Pk(η) and Qk(η) are defined by
Pk =
(
−a
′
a
χk + χ
′
k
)2
+ ω2kχ
2
k , (25)
Qk =
(
−a
′
a
χk + χ
′
k
)(
−a
′
a
χ∗k + χ
∗ ′
k
)
+ ω2kχkχ
∗
k , (26)
with ω2k = k
2 +M2a2.
In general, different complete sets of modes can be used for constructing the field and each of them
possesses its own vacuum state. If we label one of these set of modes by χ¯(η), then, the field can be
written in terms of these modes as
φ(η, ~x) =
1
a
∫
d3k
(2π)3/2
e−i
~k~x
[
χ¯k(η)a¯~k + χ¯
∗
k(η)a¯
†
−~k
]
, (27)
and the corresponding vacuum state is such that a¯~k |0〉 = 0 for all ~k. The Hamiltonian in this case is
written as
H =
1
2
∫
d3k
[
P¯k(η)a¯~ka¯−~k + P¯
∗
k (η)a¯
†
~k
a¯†
−~k
+ Q¯k(η)
(
a¯~ka¯
†
~k
+ a¯†~k
a¯~k
)]
, (28)
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where P¯k and Q¯k are similar expressions as in (25) and (26) respectively, replacing χk by χ¯k. Taken
in consideration the completeness, the two sets of modes χk and χ¯k are related by the Bogoliubov
transformations that diagonalize the Hamiltonian i.e., P¯k(η) = 0, satisfying the relation
χ¯k(η) = γkχk(η) + βkχ
∗
k(η) , (29)
with the normalization condition |γk(η)|2 − |βk(η)|2 = 1, where γk and βk are called Bogoliubov coeffi-
cients. We can now compare the two vacuum states by noting that the number operator for the barred
states is N¯ ≡ ∫ d3ka¯†~ka¯~k. Computing its expectation value with respect to the unbarred vacuum, we get
〈0| N¯ |0〉 =
∫
d3k |βk|2 . (30)
Hence, the number of barred particles in the unbarred vacuum in the mode ~k is |βk|2. In the same way,
the number of unbarred particles in the barred vacuum in the mode ~k is |βk|2. Since the diagonalization
imposes P¯k(η) = 0, using (25) with χk substituted by χ¯k , one gets
− a
′
a
χ¯k + χ¯
′
k = −iωkχ¯k . (31)
Putting this result in the expression of Q¯k(η), we obtain
Q¯k(η) = 2ω
2
k(η)|χ¯k|2 . (32)
By using (24) and (28), one obtains
〈0| 2a¯†~k(η)a¯~k(η) + 1 |0〉 =
Qk(η)
Q¯k(η)
, (33)
and therefore
|βk(η)|2 = 1
2
Qk(η)
Q¯k(η)
− 1
2
. (34)
Combining now (26) and (32), (34) is rewritten as
|βk(η)|2 = 1
4
[(
a′
a
)2
+ ω2k(η)
]
|χk|2 − a′a (χkχ∗ ′k + χ′kχ∗k) + |χ′k|2
ω2k(η)|χ¯k|2
− 1
2
. (35)
There are two important aspects to be understood about the vacuum state in curved spacetime. The
first is that, in general, it is uncertain what criteria should be used for fixing the correct vacuum. Note
that the criteria used in Minkowski space, as Lorentz invariance and positive frequency with respect to
the timelike Killing vector, no longer apply in curved spacetime. The second aspect is that, if there is a
”natural” choice of vacuum state when the spacetime begins, in general, it does not correspond to the
natural choice of vacuum when the spacetime ends. Therefore, the ”in” vacuum state and the ”out”
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vacuum state are different. This means that the bar vacuum may contain particles of the unbar vacuum
and vice-versa. Then, particle creation occurs as can be seen from (35).
Now, in order to calculate |βk(η)|2 we have to find χk(η) from (18) and χ¯k(η) from (31). Making use
of (11) in (18), the general solution can be written in terms of Hankel functions as
χk(η) =
√
π(|η|)
2
[
AkH
(1)
ν (k|η|) +BkH(2)ν (k|η|)
]
, ν =
√
1
4
+ b(b− 1) , (36)
where Ak and Bk are constants to be determined. By using the Wronskian relation
zH(2)ν (z)∂zH
(1)
ν (z)− zH(1)ν (z)∂zH(2)ν (z) =
4i
π
, (37)
and imposing the orthonormalization of the modes, one obtains
|Bk|2 − |Ak|2 = 1 . (38)
We fix the initial vacuum state, using the Bunch-Davies state [27, 28] by the choice Ak = 0 and Bk = 1,
and the solution (36) becomes
χk(η) =
√
π|η|
2
H(2)ν (k|η|) . (39)
Note that as η → −∞ (ωeff < −1/3), or as η → ∞ (ωeff > −1/3), the solution (39) reduces to the
Minkowski one in which particle production phenomenon does not occur.
Now we can proceed to the calculation of |βk(η)|2 through the expression (35). Since we are dealing
with a minimally coupled massless scalar field, the expression (35) becomes
|βk(η)|2 = 1
4
(
b2
η2 + k
2
)
|χk|2 + b|η| (χkχ∗ ′k + χ′kχ∗k) + |χ′k|2
k2|χ¯k|2 −
1
2
. (40)
Substituting (39) into (40), we get
|βk(η)|2 = π
8k
{[
(b + 1/2)2
|η| + k
2|η|
]
H(1)ν (k|η|)H(2)ν (k|η|)
+
k
2
(b + 1/2)
[
H(1)ν (k|η|)H(2)ν−1(k|η|) +H(2)ν (k|η|)H(1)ν−1(k|η|)
−H(1)ν (k|η|)H(2)ν+1(k|η|)−H(2)ν (k|η|)H(1)ν+1(k|η|)
]
+
k2|η|
4
[
H
(1)
ν−1(k|η|)H(2)ν−1(k|η|)−H(1)ν−1(k|η|)H(2)ν+1(k|η|)
−H(1)ν+1(k|η|)H(2)ν−1(k|η|) +H(1)ν+1(k|η|)H(2)ν+1(k|η|)
]
− 4k
π
}
. (41)
Observe that at the early time, η → −∞ (ωeff < −1/3), using the asymptotic expressions of the Hankel
functions and (41), we obtain |βk(−∞)|2 = 0. However, this is not the case when ωeff > −1/3, since
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using the asymptotic initial limit of the Hankel functions, one gets |βk(0)|2 = +∞. It appears clearly
through (41) that in an expanded accelerating universe, ωeff < −1/3, particle production is initially null,
and as time evolves it becomes important at late-time. But in an expanded decelerating universe, particle
production is initially strong and becomes inefficient at late-time. This seems quick reasonable because
the expanded decelerating universe is the matter dominated universe and comes before the accelerating
dark energy dominated one. The end of the matter dominated phase is linked with the early of the
accelerating one, and one sees clearly that the matching of the two phases on the point of view of particle
production is realized, because at the end of the decelerating phase |η| → ∞(ωeff > −1/3), and at the
beginning of the accelerating phase |η| → ∞ (ωeff < −1/3), the rate of particle production vanishes. As
the conformal time grows, the evolution of the total number N(η) of created particle per unit of space
volume is [31]
N(η) =
∫
Nk(η)
=
1
2π2a3(η)
∫
k2dk|βk(η)|2, (42)
and the quantum energy density associated to massless particle production is
ρq(η) =
1
(2π)3a4(η)
∫
k3dk|βk(η)|2 . (43)
Thus, according to the values of the effective parameter of the equation of state ωeff , the phenomenon
of particle production can change from the early time to the late one. We can distinguish three different
cases:
• For ωeff > −1/3, the conformal time is such that 0 < η < +∞ and the torsion scalar −∞ < T < 0−,
where the rate of particle production |βk(η)|2 is initially important and decreases as the time evolves.
In this situation we see that in an expanded decelerating universe, the order of magnitude of the rate
of particle production is directly linked with the torsion scalar, i.e., for large torsion scalar, the rate of
particle production is important and for small torsion scalar , the rate of particle production becomes
small.
• For −1 < ωeff < −1/3, one has −∞ < η < 0− and −∞ < T < 0−, whereas the rate of particle
production is initially null, and increases as the time grows. Note that this is a quintessence-like situation
and one can conclude in this case that the magnitude of the rate of particle production is inversely linked
with the order of magnitude of the torsion scalar, i.e., for large torsion scalar the rate of particle production
vanishes, while for small torsion scalar the rate of particle production diverges. Thus, we can conclude
that in quintessence-like universe, the rate of particle production and the torsion scalar do not follow the
same order of magnitude.
• For ωeff < −1, we have for the conformal time −∞ < η < 0−, whereas for the torsion scalar,
0 > T > −∞. Here, the rate of particle production is initially null and as the time grows, it increases.
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We see that for small magnitude of torsion scalar, the rate of particle production is also small, while for
large magnitude of torsion scalar, the rate of particle production is also large. We conclude that in the
phantom-like universe, the rate of particle production is directly linked with the order of magnitude of
the torsion scalar.
In this later case, one can observe that as the final time is approached, η → 0−, the scale factor a(η),
the effective energy density ρeff (η) and effective pressure peff (η) diverge; this is the so-called Big Rip
(singularity of type-I). Do to this finite time singularity, we focus our attention to this case and try to
analyse the effects of particle production around the singularity. We present in Fig.1 the evolution of the
quantum energy density ( energy density of particle production), as well as it quotient over the classical
one (the effective energy density) ρq/ρeff . We also present the graph of the evolution of the torsion
scalar in this phantom case. The important and interesting feature to be notified here is the evolution
of ρq/ρeff when the time evolves. We see that as the conformal singularity time is approached, both
the classical and quantum energy densities diverge, but particularly, the quotient ρq/ρeff goes to zero.
This means that as the singularity is approached, quantum effect due to particle production is inefficient
with respect to the classical effective energy density of the background. Therefore, mass-less particle
production cannot avoid the Big Rip.
This situation is the same as that in which the gravitational part of the action is driven by the
curvature and gravitational field is minimally coupled with the scalar field. In GR the curvature scalar
reads R = −6a′′/a3 ∝ |η|−6(1+ω)/(1+3ω). It is easy to see that this latter is proportional to the torsion
scalar. Therefore, for any value of ω, the evolution of the curvature scalar will be same as that of
the torsion scalar, and this, for an expanded decelerating phase ω > −1/3, an expanded accelerated
quintessence phase −1 < ω < −1/3, and the expanded accelerating phantom phase ω < −1 . Particularly,
in phantom phase when the curvature goes to zero or almost null, there is no particle production, while
as the curvature increases, the particle production becomes important [32, 6, 31, 33, 34].
Other important point to be put out here is that particle production aspect for massless scalar field
appears to be the same for GR, f(R) [39] and f(T ). In f(T ) theory, one can show how the algebraic
function f(T ) can influence the particle production. Remark that the scale factor depends on the effective
parameter of equation of state ωeff = peff/ρeff , because of the dependence of ρeff and peff on the
torsion scalar. Then, the sign of ωeff will depend on the expression of the algebraic function f(T ).
As in GR and f(R) gravity, one can write the Lagrangian density LM in Teleparallel (see also [26]
where this type of Lagrangian density is used and the stability of non-minimally conformally coupled
scalar field has been widely developed with interesting results), as
LM = φ,µφ,µ −
(
M2 + ξT
)
φ2 . (44)
Through the Euler-Lagrangian equation, and using the Fourier space, one gets the Klein-Gordon equation
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for each quantum mode k, as
φ′′k + 2
a′
a
φ′k +
(
k2 +Ma2 + ξa2T
)
φk = 0 . (45)
By setting φ = χ/a, one gets the following equation
χ′′k +
(
k2 +M2a2 − a
′′
a
+ ξa2T
)
χk = 0 . (46)
Observe that for the minimally coupling, i.e., ξ = 0, the contribution of the torsion in this equation
disappears. Thus, we see clearly that for minimally coupling constant, the aspect of particle production
is the same in f(T ) theory as in f(R) theory. It is important to note that particle production aspect is
different from the quantitative aspect of particle production. What we would like to show here is the
form of Klein-Gordon equation for both f(R) and f(T ) theories. For minimally coupling constant, and
in our case where the massless field is considered, the previous equation becomes
χ′′k +
(
k2 − a
′′
a
)
χk = 0 , (47)
for both f(R) and f(T ) theories of gravity. Even, the massive field is considered within minimally
coupling choice, the two theories present the same result,
χ′′k +
(
k2 +M2a2 − a
′′
a
)
χk = 0 . (48)
As it is well known in quantum field theory [32, 34, 31], particle production depends on the effective
mass, which is Meff = −a′′/a and Meff = M2a2 − a′′/a respectively for massless scalar field and
massive scalar field minimally coupled with the gravitational one. Particularly, for the purpose of this
work where massless scalar field is considered, one sees that in phantom phase, ωeff < −1, the effective
mass Meff = −a′′/a ∝ |η|−2. In this phantom phase, the early corresponds to η → −∞, for which the
effective mass vanishes, leading to Klein-Gordon equation for massless field minimally coupled with the
gravitational in Minkowski’s spacetime, where particle production never occurs: this is the vacuum. But
as the time evolves, the effective mass Meff ∝ |η|−2 increases, and diverges as at the late-time η → 0−.
This result is valid for both f(R)(including GR) and f(T ) theory. Consequently, quantum effects due to
massless particle production from minimally coupled field have to be the same in f(T ) as in the framework
of GR and f(R) gravity, where it shown that quantum effects cannot avoid the occurrence of the big rip
[27, 38, 36, 37, 39]. The same would appear in the case of the sudden singularity where quantum effect
is inefficient, showing that this singularity is also robust with respect to quantum effects [35, 29, 30].
However, it is important to note that when the scalar field is not minimally coupled with the grav-
itational one, the particle production seems different, at least quantitatively. Note that, in both the
coupling and non-coupling case, the torsion scalar remains the same, initially null and growing as the
time evolves. The capital difference that appears between the GR and the teleparallel when the fields
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are not minimally coupled is about the time dependent expression of the torsion scalar T in teleparallel
gravity and the Ricici scalar R in GR. Note that in GR and f(R) gravity, the equation (46) is written as
χ′′k +
(
k2 +M2a2 − a
′′
a
+ ξa2R
)
χk = 0 . (49)
In GR and f(R), the expression of the Ricci scalar based on the conformal time is R = −6a′′/a3, while
in teleparallel gravity and f(T ) theory of gravity, the expression of the torsion scalar is T = −6H2 =
−6a′2/a4. Then, (46) and (49) become respectively
χ′′k +
[
k2 +M2a2 − 6
(
1
6
− ξ(η)
)
a′′
a
]
χk = 0 , ξ(η) = − a
′ 2
aa′′
ξc (50)
χ′′k +
[
k2 +M2a2 − 6
(
1
6
− ξc
)
a′′
a
]
χk = 0 , (51)
where ξc denotes here the coupling constant commonly know in GR and ξ(η) is the coupling constant in
teleparallel gravity.. It appears clearly that if ξc = 0 (the minimally coupling case), ξ(η) = 0, and the
equations (50) and (51) are equivalent. However, if the non-minimally coupling is considered, the two
equations are not equivalent and consequently their solutions should not be the same. Since the solution
of the equation of motion is the most necessary element for calculating the Bogoliubov coefficients, the
results must be different. Now, looking for the equations (50) and (51), it can be concluded that in f(T )
gravity, the coupling parameter between the scalar and gravitational fields is a running coupling constant.
Then, in general, in the view of particle production, the equivalence between the teleparallel and the GR
no longer occurs when the scalar field is non-minimally coupled with the gravitational one.
4 Conclusion
In this paper we have studied particle creation in FRW universe in the framework of f(T ) gravity,
considering massless scalar field minimally coupled with the gravitational one. Since the case when
the spatial sections are flat is slightly simpler, we have restricted our attention to this later in this
work. By solving the generalized equations of Friedmann, one gets a power-law solution for the scale
factor, which depends on an effective parameter of equation of state ωeff . In general, we see that in
an expanded decelerating universe, ωeff > −1/3, the conformal time η goes from 0 to ∞, while the
torsion scalar T goes from −∞ to zero. In this case, the rate of particle production |βk(η)|2 in initially
strong and as the conformal time evolves it decreases and tends to zero as the late-time is approached.
For −1 < ωeff < −1/3, the quintessence-like phase, the conformal time goes from −∞ to zero, and
similarly, the torsion scalar goes from −∞ to zero. But in this case, the rate of particle production is
initially null and as the time evolves it increases and diverges as the late-time is approached. The final
and interesting case is the phantom-like case where ωeff < −1. Here, the conformal time goes from −∞
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to zero whereas the torsion scalar is initially null and decreases to −∞ as the time evolves. In this case,
particle production is initially null, increases as the conformal time evolves and diverges at the late-time.
We conclude that the rate of particle production is directly connected to the order of magnitude of the
torsion scalar in the expanded decelerating and expanded accelerating phantom universes. However, in
quintessence-like universe, the situation is different: as the torsion scalar is large, the rate of particle
production is inefficient and for small torsion scalar, the rate of particle production becomes important.
Since in the phantom-like case, the Big Rip (the singularity of type-I) may appear, we analyse the
effects of particle production around the singularity. The result shows that the energy density due
to particle production diverges as the singularity time is approached, but is not enough to avoid the
occurrence of the singularity.
Moreover, we present the comparison of particle production aspect between f(R) and f(T ) in general.
Since the interpretation of quantum particle production is based on the effective mass Meff , we shown
that particle production aspect is the same for both GR and tele-parallel theory, and this may be extended
to both f(R) and f(T ) theories, for massless scalar field minimally coupled with the gravitational one.
However, when the scalar field is non-minimally coupled with the gravitational one, this equivalence
breaks down for the GR and tele-parallel theory, and consequently for f(R) and f(T ). Comparing with
the GR (respectively f(R) theory) where the coupling constant is effectively constant, the tele-parallel
theory (respectively f(T ) theory) presents a running coupling constant.
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